TMADH (trimethylamine dehydrogenase) is a complex iron-sulphur flavoprotein that forms a soluble electron-transfer complex with ETF (electron-transferring flavoprotein). The mechanism of electron transfer between TMADH and ETF has been studied using stopped-flow kinetic and mutagenesis methods, and more recently by X-ray crystallography. Potentiometric methods have also been used to identify key residues involved in the stabilization of the flavin radical semiquinone species in ETF. These studies have demonstrated a key role for 'conformational sampling' in the electron-transfer complex, facilitated by two-site contact of ETF with TMADH. Exploration of three-dimensional space in the complex allows the FAD of ETF to find conformations compatible with enhanced electronic coupling with the 4Fe-4S centre of TMADH. This mechanism of electron transfer provides for a more robust and accessible design principle for interprotein electron transfer compared with simpler models that invoke the collision of redox partners followed by electron transfer. The structure of the TMADH-ETF complex confirms the role of key 1 To whom correspondence should be addressed (e-mail nss4@le.ac.uk). residues in electron transfer and molecular assembly, originally suggested from detailed kinetic studies in wild-type and mutant complexes, and from molecular modelling.
Introduction
Principles controlling the rates of electron transfer in proteins have been identified from both theoretical and experimental studies of redox proteins. For a simple electron-transfer event the rate is described by 'Fermi's golden rule' and can be predicted from knowledge of physical factors, including redox potential, reorganizational energy and electronic coupling [1] . However, detailed understanding of biological electron transfer also requires knowledge of protein dynamics, chemistries of the redox-active groups and, for interprotein reactions, the mechanisms governing diffusional encounter and assembly of electron-transfer complexes. Electron transfer between redox proteins, whether within complexes or by diffusion and collision, involves the searching out of configurations compatible with electron transfer. Major conformational change is thought to be important for electron transfer in some complex intraprotein electron-transfer systems; for example the cytochrome bc 1 complex [2] , sulphite oxidase [3] and sulphite reductase [4] . Hitherto, structural evidence for extensive conformational sampling in interprotein electron transfer has been lacking. The fact that many biological electron transfers are on the millisecond timescale implies that these occur slowly, and are usually gated through rate-limiting conformational change, ligand exchange or changes in protonation state [5] . By contrast, optimized tunnelling reactions that are independent of any gating constraint would normally proceed on a faster timescale over the distances generally observed in redox proteins [6] . Our kinetic and spectroscopic studies of the electron-transfer complex formed between TMADH (trimethylamine dehydrogenase) and ETF (electron-transferring flavoprotein) have suggested that large conformational changes accompany the assembly of the electron-transfer complex. In this chapter, we review our recent structural and solution studies that provide a unique insight into the role of extensive conformational sampling in a physiological complex formed by TMADH and ETF from Methylophilus methylotrophus. Our studies establish a role for conformational sampling in multi-domain redox systems, and suggest mechanisms by which a single redox protein can interact, and exchange electrons, with structurally distinct redox partners.
Structure and redox properties of ETF
The overall structure of M. methylotrophus ETF has been determined using two crystal forms [7] . The first, [P6 1 ], was determined at 1.6 Å and represents ETF that has been trypsinized in the TMADH 'recognition loop' (see below). The second, [P2 1 2 1 2 1 ], was determined at 3.1 Å and represents native ETF. The overall structure is similar to those of the other known ETF structures (i.e. human ETF [8] and Paracoccus denitrificans ETF [9] ). M. methylotrophus ETF comprises three domains. Domains I and III form the base of ETF on which sits the FAD domain (domain II; Figure 1A ). The FAD domain is rotated by Ϸ40Њ relative to that in human and P. denitrificans ETF. A hinge region is located at residues Val-␣190 and Pro-␤235, and rotation at this region relative to the equivalent region found in human and P. denitrificans ETF decreases the accessibility of the isoalloxazine ring of FAD to solvent. The FAD domain undergoes very few interactions with the remainder of the structure, except for residues surrounding the isoalloxazine ring. In M. methylotrophus ETF, Arg-␣237 plays a key structural role; it forms a bifurcated salt bridge with Glu-␤163, a single salt bridge with Asp-␣241 and hydrogen bonds with Ser-␣253 and the backbone carbonyl of Leu-␤184, effectively locking the FAD domain in the observed position ( Figure 1B ). Arg-␣237 is a key residue in defining the redox properties of the FAD in ETF [10] . The midpoint reduction potentials of the FAD cofactor in wild-type M. methylotrophus ETF and the ␣R237A mutant have been determined by anaerobic redox titration. The FAD reduction potential of the oxidized/semiquinone couple in wild-type ETF (EЈ 1 ) is ϩ153Ϯ2 mV, indicating exceptional stabilization of the flavin anionic semiquinone species. Conversion to the dihydroquinone is incomplete (EЈ 2 ϽϪ250 mV), owing to the presence of both kinetic and thermodynamic blocks on full reduction of the FAD. The major effect of exchanging Arg-␣237 for Ala in M. methylotrophus ETF is to engineer a remarkable Ϸ200 mV destabilization of the flavin anionic semiquinone (EЈ 2 ϭϪ31Ϯ2 mV and EЈ 1 ϭϪ43Ϯ2 mV). Also, reduction to the FAD dihydroquinone in ␣R237A ETF is relatively facile, indicating that the kinetic block seen in wild-type ETF is substantially removed in the ␣R237A ETF. Thus kinetic (as well as thermodynamic) considerations are important in populating the redox forms of the protein-bound flavin. The structure of the TMADH-2ETF complex also reveals that Arg-␣237 is a key residue in interprotein electron transfer from TMADH to ETF ( [7] , and see below).
Overlaying the five monomers observed in the two different crystal structures for M. methylotrophus ETF demonstrates that, although a salt bridge 'locks' the FAD domain to domain III, the FAD domain is still mobile in the same plane, as suggested by the molecular envelope obtained from our smallangle X-ray-scattering studies [11] . Also, additional evidence for this mobility comes from one of the monomers in the orthorhombic structure, for which the electron density of the FAD domain is weak and fades with increasing distance from the observed hinge points (Val-␣190 and Pro-␤235). This increased domain flexibility is associated with fewer crystal packing constraints. Smallangle X-ray-scattering studies of M. methylotrophus, human and P. denitrificans ETFs also indicate that domain flexibility is an intrinsic property of the ETF family of proteins [12] .
Stopped-flow kinetic studies of electron transfer and structural imprinting of ETF by TMADH
Prior to the elucidation of the crystal structure of the TMADH-2ETF complex, modelling studies suggested potential roles for Val-344 and Tyr-422, found on the surface of TMADH, in electronic coupling between the 4Fe-4S centre of TMADH and the FAD of ETF [13] . The importance of these residues in electron transfer, both to ETF and to the artificial electron acceptor ferricenium (Fc + ), has been studied by site-directed mutagenesis and stopped-flow spectroscopy [14, 15] . Reduction of the 6-S-cysteinyl FMN in the active site of TMADH is not affected by mutation of either of the surface residues Tyr-442 or Val-344 to a variety of alternative side chains, although there are modest changes in the rate of internal electron transfer from the 6-S-cysteinyl FMN to the 4Fe-4S centre. However, the kinetics of electron transfer from the 4Fe-4S centre to Fc + are sensitive to mutations at position 344. The introduction of smaller side chains (Ala-344, Cys-344 and Gly-344) leads to enhanced rates of electron transfer (Figure 2 ), and most likely reflects shortened electron-transfer 'pathways' from the 4Fe-4S centre to Fc + . The introduction of larger side chains (Ile-344 and Tyr-344) reduces substantially the rate of electron transfer to Fc + ( Figure 2 ). Electron transfer to ETF is not affected, to any large extent, by mutation of Val-344. In contrast, mutation of Tyr-442 to Phe, Leu, Cys or Gly leads to major decreases in the rate of electron transfer to ETF, but not to Fc + (Figure 2 ). These data suggest that electron transfer to Fc + is via the shortest 'pathway' from the 4Fe-4S centre of TMADH to the surface of the enzyme at residue Val-344. Val-344 is located at the bottom of a small groove on the enzyme surface, and Fc + (and related analogues [16] ) can penetrate this groove to facilitate good electronic coupling with the 4Fe-4S centre. With ETF as electron acceptor, the observed rate of electron transfer is decreased on mutation of Tyr-442, but not Val-344, consistent with the flavin of ETF not penetrating the groove on the surface of TMADH. Thus electron transfer from the 4Fe-4S centre to ETF is by a longer 'pathway' involving Tyr-442. The existence of this longer pathway has been exploited in rational engineering studies to 'wire' TMADH to an amperometric electrode [17] .
In stopped-flow kinetic studies, the observed rate of electron transfer from native TMADH to native ETF displays a second-order dependence on ETF concentration [15] . However, mutagenesis of Tyr-442 not only lowers the rate of interprotein electron transfer but also introduces saturation kinetic behaviour with respect to ETF concentration [15] . The simplest kinetic model describing interprotein electron transfer is shown in Scheme 1(A), where A is TMADH 1e (i.e. reduced at the one-electron level) and B is ETF ox . An expression for the first-order rate constant k obs measured in stopped-flow experiments can be derived, with the assumption that the rate of formation of the TMADH-ETF complex equals its rate of decay (i.e. the steady-state assumption applies [18] 
The expression is hyperbolic when k obs is plotted against [A] . However, when k eT ϾϾk Ϫa +k a [A] then k obs = k a [A] ; that is, the reaction rate is proportional to [A] . This is the 'diffusion-limited' regime where the rate of reaction cannot be faster than the rate at which TMADH and ETF form a productive electron-transfer complex. The kinetic model depicted in Scheme 1(A) is probably an oversimplification for the TMADH and ETF system since, even prior to elucidation of the structure of the TMADH-2ETF complex [7] , it was known that ETF undergoes a large structural change [11, 13] and this will be associated with a rate constant for this process. Given the highly dynamic nature of ETF it was assumed that, following the initial collision with TMADH, ETF would need to be 'locked in' to the electron-transfer complex,
requiring additional small-scale conformational changes. A more realistic kinetic model recognizes the existence of intermediates that form prior to the formation of the productive electron-transfer complex, as shown in Scheme 1(B). An analytical rate equation can be derived for such a scheme (eqn 2):
In the regime where k eT ϾϾk r ϳk Ϫr , eqn (2) reverts to eqn (1), except that k eT becomes k r . Alternatively, when k r ϾϾk Ϫr Ͼk ϪeT , eqn (2) also reverts to eqn (1), except that K a (i.e. k a /k Ϫa ) in eqn (1) has now to be interpreted as K a ϫK R (K R being the equilibrium constant for conformational realignment in the complex). In the regime where the intrinsic electron-transfer rate (k eT ) is fast, and also where k r ϾϾk Ϫa ϩk a [A], eqn (2) can be approximated to a linear relationship between k obs and [A]. This illustrates that kinetic behaviour similar to that seen in the simplified model (Scheme 1A) can also arise in the more complex situation (Scheme 1B). Simulations of the kinetic processes observed in the TMADH-2ETF system have demonstrated that impaired conformational realignment following mutagenesis of Tyr-442 is consistent with the appearance of hyperbolic kinetic behaviour, thus providing further kinetic evidence for conformationally gated electron transfer in this redox system [15] . The appearance of saturation kinetic behaviour for mutants altered at residue Tyr-442 could be the result of a decrease in the value of the intrinsic electron-transfer rate constant (k eT ). However, perhaps more likely (given the relatively slow observed limiting rates of electron transfer for the Tyr-442 mutant TMADH enzymes) is a decrease in the rate constant describing reorganization of a pre-complex to form the productive electron-transfer complex. This leads to the predicted hyperbolic relationship between k obs and [A]. Simulations were performed of the observed rate of electron transfer as a function of [ETF] using eqn (2) (Figure 3 ) in which k a was fixed at 1ϫ10 6 (Figure 3, curves a and b) . The values for k obs arising from the simulations are very similar to the experimentally determined values for the native and Tyr-442 mutant TMADH enzymes. Hyperbolic dependence only occurs when k eT is below Ϸ10 3 s Ϫ1 and these values for k eT are probably too low to correspond to intrinsic electron-transfer rate constants in the Tyr-442 TMADH mutant enzymes (where the transfer distance is about 11-12 Å) [6] . Consequently, rate limitation in this kinetic regime is very probably due to impaired structural reorganization in the electron-transfer complex (Scheme 1B), i.e. conformationally gated electron transfer. Rate constants of this magnitude (10 1 -10 3 s -1 ) are consistent with large dynamic changes in proteins. As discussed above, eqn (2) (which describes Scheme 1B) reduces to eqn (1) when k eT ϾϾk r Ϸk Ϫr , except that k eT becomes k r . The simulations are therefore equally valid for the more complex scheme (Scheme 1B), which invokes structural reorganization during electron-transfer complex assembly. The assembly of the TMADH-ETF electron-transfer complex has also been studied by fluorescence and absorption spectroscopies [20] . These studies also indicated that a series of conformational changes occur during the assembly of the TMADH-ETF electron-transfer complex, and that the kinetics of assembly observed with mutant TMADH (Tyr-442→Phe/Leu/Gly) or ETF (␣Arg-237→Ala) complexes are much slower than are the corresponding rates of electron transfer in these complexes. This suggests that electron transfer does not occur in the thermodynamically most favourable state (which takes too long to form), but that one or more metastable states (which are formed more rapidly) are competent in transferring electrons from TMADH to ETF. Also, fluorescence spectroscopy studies of the TMADH-ETF complex indicate that ETF undergoes a stable conformational change (termed structural imprinting) when it interacts transiently with TMADH to form a second, distinct, structural form [20] . The mutant complexes compromise imprinting of ETF, indicating a dependence on the native interactions present in the wild-type complex. The imprinted form of semiquinone ETF exhibits an enhanced rate of electron transfer to the artificial electron acceptor, ferricenium, perhaps indicating increased accessibility to the flavin and maybe reflecting a more 'open' structure for ETF. However, overall molecular conformations as probed by small-angle X-ray-scattering studies are indistinguishable for imprinted and non-imprinted ETF, indicating that changes in structure during the imprinting reaction are relatively small, confined to the vicinity of the FAD moiety [20] . These results therefore also indicate that a series of conformational events occur during the assembly of the TMADH-ETF electron-transfer complex, which might have significant implications for our understanding of biological electron-transfer reactions in vivo, since ETF encounters TMADH at all times in the cell. That ETF can accept two electrons when in complex with TMADH, but can only be reduced to the semiquinone form when free in solution, is also evidence of a conformational change during complex assembly [21] .
Structure of the TMADH-2ETF complex and implications for interprotein electron transfer
As with free ETF, the crystal structure of the TMADH-2ETF complex has also been determined in two crystal forms ( [7] ; Figure 4A) . A remarkable feature is the total lack of density for the FAD domain in the TMADH-2ETF complex, indicating more extreme disorder than that observed for the free crystal form of ETF. SDS/PAGE analysis of several crystals of the TMADH-2ETF complex has indicated that this lack of electron density for the FAD domain is not attributed to proteolysis of ETF. The total buried interfacial surface visible for the crystallographically ordered atoms (i.e. excluding the FAD domain of ETF) covers 1750 Å 2 , with 10 and 8% of the total surface participating for ETF and TMADH, respectively, and is elongated in shape. A surface patch in domain III comprises the major interacting surface that contacts a region on the ADP-binding domain of TMADH, and is formed by residues Pro-␤189-Ile-␤197 and incorporates the N-terminal region of an ␣-helix and part of the preceding loop, termed the 'recognition loop'. Leu-␤194 ( Figure 4B ) is central Design principles in interprotein electron transfer 9
to this interaction. This residue is buried in a hydrophobic pocket on the surface of TMADH and is conserved in most of the known ETF sequences, suggesting a key role in interactions with other redox partners. Other residues (Tyr-␤191, Ile-␤197 and Ser-␤193) also contribute to the hydrophobic patch and these residues are strictly conserved with the exception of Ser-␤193, which has been conservatively replaced by Thr in several cases. The relatively small number of electrostatic and hydrogen-bond interactions across the interface helps explain the weak dissociation constant (Ϸ5 M) for the TMADH-2ETF complex [19] . The importance of the recognition loop of ETF in forming a productive electron transfer with TMADH has been demonstrated by limited proteolysis with trypsin [7] . The non-proteolysed form of ETF readily accepts electrons from TMADH in steady-state electron-transfer assays, but electron transfer to ETF is substantially impaired following limited proteolysis, even though this form of ETF can be reduced with artificial reductants such as sodium dithionite.
A remarkable feature of the complex structure is that the FAD domain is highly disordered (Figure 4A ). The 'empty' volume observed between ETF and TMADH can accommodate the 'missing' FAD domain. Superposition of domains I and III of the free ETF structure on to the complexed structure reveals severe steric clashes for several regions in the FAD domain, indicating that the position of the FAD domain needs to be adjusted on forming the TMADH-2ETF complex. Although modelling of the FAD domain in a position similar to that observed for human ETF decreaces all clashes, this is not consistent with efficient electron transfer based on the '14 Å rule' [6] . We have used molecular dynamics calculations to sample the position occupied by the FAD domain in the TMADH-2ETF complex ( Figure 5 ) and these calculations suggest that the FAD domain occupies a large number of different positions. Only some of these positions, however, are competent to perform electron transfer, again based on the '14 Å rule'. A movie illustrating the conformational space explored by domain II generated from the molecular dynamics calculations is available (see http://www.le.ac.uk/chemistry/sjm/ nsbETFdynamics.html), and the calculations are wholly consistent with the notion of conformational sampling (for the wild-type complex) and conformational gating (for mutant complexes in which Tyr-422 has been mutated) of electron transfer inferred from our stopped-flow kinetic studies [15] . The importance of Tyr-442 (TMADH) and Arg-␣237 (ETF) in electron transfer is reinforced by these molecular dynamics calculations. The shortest distance between the 4Fe-4S centre and the FAD of ETF is approached when these residues are at their closest separation, and predicted to lie on the electrontransfer pathway ( Figure 5B ). The close approach of these residues in the complex has also been confirmed by chemical cross-linking of a mutant complex in which each of these residues was exchanged for cysteine.
The elucidation of the structure of the TMADH-2ETF complex combined with extensive solution studies has allowed us to propose general principles underpinning the mechanism of electron transfer between TMADH and ETF. The recognition loop mediated, in the main, by interactions made by Leu-␤194 establishes a site of interaction between ETF and TMADH. The FAD domain is displaced from the volume it occupies in the free ETF form, upon complex formation, and the 'anchored' position of domain III allows it to sample effectively the conformationally available space enclosed by TMADH and domains I and III of ETF. Our molecular dynamics calculations indicate that some of these conformations enhance electronic coupling between the D. Leys et al. iron-sulphur centre and the FAD isoalloxazine ring, thus enabling electron transfer. This mechanism for interprotein electron transfer has several advantages when compared with systems described by a simple 'colliding billiard ball' model. For example, it separates the function of redox partner binding and cofactor binding over two distinct sites. Also, the complexed form of ETF can differ significantly in conformation from the free form, enabling exposure of the redox cofactor only upon complexation -this prevents unwanted non-productive redox reactions. Finally, the protein can easily adapt itself to interact with structurally different redox partners as long as the correct protein-protein recognition site is maintained ( Figure 6 ). This is especially important for the ETF family of proteins, because they can interact with up to 10 structurally distinct redox partners. All residues that are key to the observed TMADH-ETF interaction are conserved in known ETF sequences, suggesting these proteins have a common mechanism for complex assembly and electron transfer. 
